To elucidate the role of focal adhesion kinase (pp125FAK) in transformation, its phosphorylation in transformed fibroblasts was compared with that of detransformed fibroblasts induced by a histone deacetylase ( 
INTRODUCTION
Altered cellular structure, shape and cytoskeletal architecture are hallmarks of malignant transformation (1) . One of the most characteristic cytoskeletal changes in tumor cells is the loss of actin stress fibers, suggesting that alteration of the actincontaining microfilament system is crucial for transformation (2) . Several cytoskeletal proteins are known to be downregulated in transformed cells (3) , and overexpression of the reduced proteins can revert the transformed cell morphology into normal phenotypes (4) . Thus, cytoskeletal protein regulation is intrinsic to the morphology of transformed cells.
Modification of chromatin structure by histone acetylation is an important mechanism in controlling gene transcription (5, 6) . The acetylation state of histone is regulated by reversible enzymes, histone acetyltransferase (HAT) and histone deacetylase (HDAC) (7) (8) (9) . Trichostatin A (TSA), a potent and specific inhibitor of HDAC (10, 11) , is widely used to study the role of histone acetylation in gene expression. Recently, it has been shown that inhibition of HDAC activity by TSA is able to revert the morphological changes seen following the transformation of cells in culture with v-sis and v-ras oncogenes (12) . TSA treated cells become more flattened and have well-organized actin stress fibers (13, 14) . Therefore, TSA has an ability to detransform at least ras-transformed fibroblasts.
Cytoskeletal organization is primarily regulated by cell-ECM interactions (15, 16) , and integrin receptors regulate these processes (16) (17) (18) (19) . Integrin-mediated signaling and the cytoskeletal organization are also intimately linked (20) (21) (22) . As integrins bind to ECM, they become clustered and associate with cytoskeleton and signaling complexes that promote the assembly of actin filaments (20, 22) . The reorganization of actin filaments into larger stress fibers, in turn, causes more integrin by guest on http://www.jbc.org/ Downloaded from 4 clustering, thus enhancing matrix binding and organization by integrins in a positive feedback system (22) . Tyrosine phosphorylation has been shown to be a common and ubiquitous response to integrin-ECM interaction (22) and focal adhesion kinase (pp125FAK) is the major tyrosine phosphorylated protein during cell-ECM interaction.
Pp125FAK participates in the regulation of cytoskeletal organization as a cytosolic kinase, which phosphorylates cytoskeletal proteins such as paxillin (23) , and/or a scaffolding protein for the recruitment of other Src-homology 2 (SH2) or SH3-containing signaling molecules. Tyrosine phosphorylations of pp125FAK regulate its interactions and functions (24) . Six tyrosine phosphoacceptor sites in pp125FAK have been identified, namely Tyr-397, Tyr-407, Tyr-576, Tyr-577, Tyr-861, and Tyr-925 (25, 26) . Upon integrin engagement, pp125FAK is autophosphorylated on Tyr-397 (27) , creating a high affinity binding site for the Src family tyrosine kinases via their SH2 domains (25, 26, 28) and/or the p85 regulatory subunit of phosphoinositol 3-kinase (29, 30) . Association of c-Src leads to additional pp125FAK phosphorylation at Tyr-925 to create binding sites for SH2-containing proteins such as growth factor receptor-bound protein 2 (Grb2, 26,31), which in turn activates the ras cascade pathway. Maximal catalytic activity of pp125FAK is achieved by Tyr-576 and Tyr-577 phosphorylation and Src kinase association (25) . In addition, increased phosphorylation of Tyr-407 and Tyr-861 has been found in Srctransformed cells (25) , but the exact role of this phosphorylation is unclear. Since many functions of pp125FAK are dependent on tyrosine phosphorylation, the high level of pp125FAK phosphorylation may alter the normal functions of pp125FAK. This is the case in cell transformation. Pp125FAK is heavily tyrosine phosphorylated in Src-transformed cells (28) , with sites other than Tyr-397 also being phosphorylated by guest on http://www.jbc.org/ Downloaded from 5 (25, 26) , and most of the other tyrosine residues are phosphorylated by Src kinase in vitro (32) . Similar to transformed cells, increased metastatic activity of prostate cancer cell lines correlates with increased pp125FAK expression, and increased overall tyrosine phosphorylation (33) . Therefore, it seems that tyrosine phosphorylation of pp125FAK participates in regulation of transformation in fibroblasts.
In present study, we investigated the role of pp125FAK in detransformation using the HDAC inhibitor, TSA. Inhibition of HDAC activity downregulates Src kinase activity, and in turn decreases phosphorylation of pp125FAK at Tyr-861. These changes, together with increased expression of several cytoskeletal proteins, result spreading of H-ras-transformed NIH3T3 cells with a detransfomed morphology.
Therefore, TSA-induced detransformation correlates with decreased pp125FAK phosphorylation at tyrosine 861 in ras-transformed fibroblasts. Cell lines and Cell cultureNIH3T3, H-ras-NIH3T3, rat2, K-ras-rat2 fibroblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum (FBS), 10 units/ml penicillin, and 10 µg/ml streptomycin.
Cell adhesion and spreading assaysCell adhesion and spreading assays were performed on FN coated tissue plates essentially as described (34) . Briefly, FN was diluted in serum free media (SFM), added to tissue culture plates (final coating concentration, 2 µg/cm Immunoprecipitation and ImmunoblottingAfter cultures were washed twice with PBS, the cells were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 % Nonidet P-40, 0.1 % SDS, 0.5 % sodium deoxycholate, 10 mM NaF, 2 mM Na 3 VO 4 ) containing a protease inhibitor cocktail (1 µg/ml aprotinin, 1 µg/ml antipain, 5 µg/ml leupeptin, 1 µg/ml pepstatin A, 20 µg/ml phenylmethylsulfonyl fluoride). Cell lysates were clarified by centrifugation at 10,000 X g for 15 min at 4 °C, denatured with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, boiled, and analyzed by SDS-PAGE. For immunoprecipitations, each sample (containing 200 to 1,000 µg of total protein) was incubated with the relevant antibody for 2 hr at 4 °C; this was followed by the addition of protein G-Sepharose beads for 1 hr. Immunoprecipitates were collected by centrifugation, washed three times with 1 X RIPA buffer, resuspended in SDS sample buffer, boiled, and analyzed by SDS-PAGE.
Proteins were transferred onto polyvinylidene difluoride membranes and probed with appropriate primary, followed by species-specific horseradish peroxidase-conjugated secondary antibodies signals were detected by enhanced chemiluminescence (ECL).
The secondary antibodies, protein G-Sepharose beads and ECL reagents were from Amersham (Buckinghamshire, UK). 
RESULTS

Detransformation of ras-transformed fibroblasts by TSAInhibition of HDAC
activity is known to revert the phenotype of transformed cells (13, 14) into nontransformed phenotypes (2, 13, 14) . Since the most clearly changed characteristic is an alteration of cytoskeletal organization, we investigated whether TSA regulates the functions of proteins involved in cytoskeletal organization. We confirmed the morphological changes by TSA in two different ras-transformed cells, H-rastransformed NIH3T3 cells and K-ras-transformed-rat2 cells after TSA treatment (Fig.   1 ). Similar to a previous report (35) , 330 nM of TSA induced a flattened and more spread morphology in both fibroblast lines, along with increased histone acetylation (data not shown). The morphological changes in H-ras-transformed NIH3T3 cells were most pronounced after 24 hr TSA treatment (Fig. 1A ), but at 12 hr in K-rastransformed rat2 cells (Fig. 1B) .
Alteration of cytoskeletal protein expression and spreading on fibronectin by
TSACell morphology is significantly dependent on the function of cytoskeletal proteins. Therefore, we investigated expression cytoskeletal protein of that might be involved in TSA-induced morphological changes. The most dramatic change was the induction of integrin β1 adhesion receptor and cytosolic small G-protein Rho A (Fig.   2 ). Increased expression was detected at 12 hr after TSA treatment, and maintained over 36 hr. On the other hand, the expression of paxillin was slightly increased, while other cytoskeletal proteins including vinculin, talin, α-actinin, and pp125FAK were unchanged. Since both integrin β1 and Rho A are known as important regulators of ECM-mediated cytoskeletal organization (36) , TSA-induced detransformation may be closely related with integrin-mediated adhesion to ECM. Spreading of H-rastransformed and TSA-treated cells on fibronectin-coated plates was compared (Fig. 3 ).
Detransformed cells attached and began to spread within 15 min and were completely spread within 30 min. Although H-ras-transformed NIH3T3 cells attached at the same rate as detransformed cells, a significant number of cells remained round at 15 min.
Thus, compared with H-ras-transformed NIH3T3 cells, detransformed NIH3T3 cells showed faster spreading on fibronectin, and maintained detransformed phenotypes.
Changed tyrosine phosphorylation of pp125FAK at Tyr-861Tyrosine
phosphorylation has been shown to be a common and ubiquitous response to integrin-ECM interaction (19, 22) . Therefore, we investigated tyrosine phosphorylations after plating cells on fibronectin for 60 min (Fig. 4A) . A dramatic change of tyrosine phosphorylation was detected on three different polypeptides, p130, p70, and p50.
After incubation with TSA, tyrosine phosphorylation of p130 was increased, while that of p70 and p50 was decreased. Since pp125FAK is the major tyrosine phosphorylated protein during cell-ECM interaction (24), we investigated whether p130 was pp125FAK using western blotting and immunodepletion analysis (Fig. 4B ).
Phosphorylation of pp125FAK was decreased in ras-transformed NIH3T3 cells compared with NIH3T3 cells (lanes 2 and 5) , but was partially restored by TSA treatment (lanes 3 and 6) . After immunodepletion with a pp125FAK antibody, no pp125FAK was found in supernatant, confirming that p130 was pp125FAK. These observations suggest that TSA-induced morphological changes of H-ras-transformed NIH3T3 cells might be linked to the changed tyrosine phosphorylation and function of pp125FAK during spreading. 12 The functions of pp125FAK are regulated through specific tyrosine phosphorylation events, and six tyrosine phosphoacceptor sites have been identified (25, 26) . We next examined the effect of TSA on each tyrosine phosphorylation site of pp125FAK during plating on fibronectin using phosphorylation site-specific antibodies. Analysis of western blotting with total cell lysates or immunoprecipitates showed that TSA differentially regulated tyrosine phosphorylation of pp125FAK on the six tyrosine residues (Fig. 5A) . Phosphorylation of the Tyr-397 autophosphorylation site was slightly increased, but there were no detectable changes at the Tyr-576 and Tyr-577 sites, implying unchanged kinase activity (25) . 
Phosphorylation of pp125FAK at Tyr-861 is mediated by Src family kinasesIt has
been shown that pp125FAK Tyr-861 is phosphorylated by Src family kinases in vitro (25) . To determine whether Src family kinases play a role in phosphorylation of pp125FAK at Tyr-861, we measured integrin activated Src kinase activity immunoprecipitates from in both transformed and detransformed cells after plating on fibronectin (Fig. 8A) . Integrin activated Src kinase activity was much higher in ras- complex is important in regulation of integrin-mediated cytoskeletal organization (22, 35) , the activity of Src kinase interacting with pp125FAK was analyzed in pp125FAK immunoprecipitates (Fig. 8B) . Src kinase activity in the immunoprecipitate was also decreased in TSA-treated cells. We further tested the effects of Src family kinase inhibitor, PP1, on phosphorylation of pp125FAK at Tyr-861 in H-ras-transformed NIH3T3 cells (Fig. 8C) . In the presence of 10 µM PP1, Tyr-861 phosphorylation was reduced substantially. Consistently, overexpression of Src kinase induced increased phosphorylation of pp125FAK at Tyr-861 (Fig. 8D ). In addition, the amount of Src kinases present in pp125FAK immunoprecipitates was decreased in TSA-treated, detransformed cells (Fig. 9 ). All these data suggest that Src kinase regulates phosphorylation of pp125FAK at Tyr-861, and decreased phosphorylation at Tyr-861 in TSA-treated detransformed cells is due to decreased Src family kinase activity and/or decreased amount of Src kinase interacting with pp125FAK.
In contrast to Src family kinases, pp125FAK activity itself was not affected by TSA treatment (Fig. 10) . In vitro kinase assays with pp125FAK immunoprecipitates and recombinant paxillin substrate showed that, even with decreased Tyr-861 phosphorylation, pp125FAK activity remained unchanged. Therefore, it seems that decreased Src kinase activity and phosphorylation at Tyr-861 are crucial for TSAinduced detransformation. The phosphorylation of pp125FAK at Tyr-861 is decreased by PP1, a Src family kinase inhibitor, and is increased by overexpression of c-Src (Fig. 8C,D) .
DISCUSSION
Consistent with decreased phosphorylation at Tyr-861, TSA-treated fibroblasts show decreased Src kinase activity (Fig. 8A ) and decreased interaction of Src kinase with pp125FAK ( Fig. 9) . Thus, it is likely that Src kinase is involved in phosphorylation of pp125FAK Tyr-861. However, we can not exclude the possibility that other kinases exist, since the in vitro concentrations of PP1 that yield 50 % inhibition for two major Src family tyrosine kinase in fibroblasts, Fyn and Src, are 6 and 170 nM respectively (37) , and significant reduction of phosphorylation at Tyr-861 requires around 10 µM of PP1.
How does HDAC activity regulate Src kinase activity? It is known that HDAC inhibitors increase the expression of gelsolin, a Ca
2+
-dependent actin filamentsevering and capping protein, by transcriptional activation of the gelsolin gene (38, 39) . Thus, it may induce regulatory protein(s) that regulate Src kinase activity.
Interestingly, HDAC inhibitor-induced morphological changes are suppressed by microinjection of anti-gelsolin antibodies, showing critical role of actin-associated proteins in cell morphological changes (38) . In fact, TSA induces several different proteins including integrinβ1, RhoA and paxillin (Fig. 2) . Since Src kinase activity is dependent on cytoskeletal organization, it may also be possible that detransformed morphology regulates Src kinase activity.
At this point, it is unclear how increased tyrosine phosphorylation at Tyr-861
is associated with transformation of fibroblasts. It seems that the kinase activity of pp125FAK per se is not directly involved. Tyrosine phosphorylation of pp125FAK remains unchanged at tyrosine 576 and 577 (Fig. 5) , and is required for its maximal kinase activity. Consistently, pp125FAK activity is not affected by TSA based on in vitro kinase assays (Fig. 10) . The amount of pp125FAK remains unchanged after TSA treatment, implying that Tyr-861 phosphorylation is not involved in the stability of by guest on October 5, 2017
